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ABSTRACT 
 
   We have detected and analysed narrow high-contrast coherent population trapping (CPT) 
resonances, which are induced in absorption of the weak probe light beam by the counterpropagating 
two-frequency pumping radiation. Our experimental investigations have been carried out on an 
example of nonclosed three level Λ-systems formed by spectral components of the Doppler 
broadened D2 line of cesium atoms. We have established that CPT resonances in transmission of the 
probe beam (in the cesium vapor), at definite conditions, may have not only more contrast but also 
much lesser width in comparison with well- known CPT resonances in transmission of  the 
corresponding two-frequency pumping radiation. Thus CPT resonances, detected by the elaborated 
method, may be used in atomic frequency standards and sensitive magnetometers (based on the CPT 
phenomenon) and also in ultahigh resolution spectroscopy of atoms and molecules. 
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1. INTRODUCTION 
 
   At the phenomenon of the coherent population trapping (CPT), a multilevel quantum system 
subject to decay processes is coherently driven into a superposition state immune from the further 
excitation, in which the system population is trapped. The CPT is the basis of a number of important 
applications: ultrahigh resolution spectroscopy, atomic clocks, magnetometry, coherent population 
transfer among quantum states of atoms (or molecules) and also in some others described, for 
example in reviews [1-3]. In particular, narrow CPT resonances, detected in absorption of a two-
frequency laser radiation (and also in the corresponding induced fluorescence spectrum of a gas 
medium) on three level atomic Λ-systems, are successfully applied in atomic frequency standards [4] 
and in high sensitive magnetometers [5, 6]. For these applications, researchers use, mainly, vapors of 
alkali atoms (in particular Cs or Rb), whose ground quantum term consists of two sublevels of the 
hyperfine structure [7]. Resonance excitation of atoms on the Λ-system scheme is realized by means 
of the two-frequency radiation from given sublevels (Fig.1). Most such Λ-systems are not closed 
 because of presence of channels of the radiative decay of the excited state │3 > on some Zeeman 
sublevels of lower levels │1 > and │2 >, which don’t interact with the two-frequency radiation [1-3]. 
Therefore highly narrow CPT resonances, recorded by known methods on the population of the 
upper level │3 > (Fig.1) in alkali atoms, have a comparatively small contrast on a more wide spectral 
background of absorption or fluorescence [4]. 
   Some interesting features of CPT resonances in nonclosed atomic Λ-systems also were detected 
and analyzed [8, 9]. Important experimental study of the CPT phenomenon in the open Λ-type 
molecular lithium system (Li2) was presented in paper [10], where CPT resonances were detected in 
the fluorescence spectrum from the optically excited state │3 > (Fig.1). Moreover theoretical papers 
have been published on possible CPT applications in such open Λ-systems [11-13]. Thus the 
possibility of the selective photo excitation of atoms (molecules) within the homogeneous width of 
their resonance optical lines was shown on the basis of the CPT phenomenon [11, 12]. Moreover the 
new method of the ultra-high resolution spectroscopy was theoretically suggested, which allowed to 
identify overlapping optical lines in complex molecular spectra even when frequency intervals 
between centers of given lines are less than their natural line-widths [13].Given important CPT 
applications are directly based on the use of a trapped atomic (molecular) populations on lower 
levels of an open Λ-system. 
   Indeed, narrow high-contrast CPT resonances may appear in dependences of populations of lower long-
lived levels│1 > and │2 > of a nonclosed Λ-system (Fig.1) on the frequency difference (ω2 − ω1) of the 
bichromatic laser pumping. Let us consider interaction of such a system with 2 monochromatic laser fields. 
Frequencies ω1 and ω2 of given fields are close to centers Ω31 and Ω32 of electrodipole transitions │1 > - │3 > 
and │2 > - │3 > respectively (Fig.1). The population of this nonclosed Λ-system will be exhausted at 
intensification of the two-frequency laser pumping with the exception of a fraction of atoms, which may 
remain on lower levels │1 > and │2 > at the following CPT condition [1-3]: 
 
                                                                     │δ2 − δ1│ ≤ W ,                                                                              ( 1 ) 
 
where δ1=(ω1 − Ω31) and δ2=(ω2 − Ω32) are detunings of laser frequencies. The width W of the CPT resonance 
in Eq.(1) is determined by intensities of laser fields and by relaxation rates of populations and coherence of 
quantum states and│1 > and │2 >. Under definite conditions, the value W may be much less than 
homogeneous widths of spectral lines of optical transitions │1 > - │3 > and │2 > - │3 > (Fig.1). Given 
nontrivial CPT resonances may be detected by means of an additional probe radiation resonant to a quantum 
transition from any lower level │1 > or │2 >. 
   Recently we have carried out experimental research of such CPT resonances for nonclosed three level Λ-
systems formed by spectral components of the Doppler broadened D2 line of cesium atoms [14]. Given 
CPT resonances were detected in absorption of the probe monochromatic light beam under action of 
the counterpropagating two-frequency pumping radiation. However, in that work we used 2 
independent diode lasers as monochromatic light source whose radiations were resonant to different 
optical transitions |1 > - │3 > and │2 > - │3 > (Fig.1). Therefore detected CPT resonances had 
comparatively large characteristic widths (about 3 - 4 MHz) because of fluctuations of the frequency 
difference (ω2 − ω1) for these lasers. 
    In the present work we applied the same method as in our previous paper [14] but with use of only one 
diode laser, which generates the monochromatic beam with the stabilized frequency ω2 .The second 
pumping radiation component (with the frequency ω1) was obtained from this initial beam by the electro-
optical modulator. Therefore the frequency difference (ω2 − ω1) may be smoothly scaned around the 
microwave interval (9192.6 MHz) between hyperfine sublevels of the Cs ground term (Fig.2). Thus the 
spectral resolution of our improved setup was risen at least on 1 order of the magnitude in comparison with 
the previous work [14]. As a result, new important features of nontrivial CPT resonances have been 
discovered. In particular we have established that, at definite conditions, CPT resonances of the trapped 
population on lower levels of the nonclosed atomic Λ-system in transmission of the weak probe beam may 
have not only more contrast but also were essentially narrower in comparison with well-known CPT 
resonances in transmission of the corresponding two-frequency pumping radiation (or the light induced 
fluorescence of the gas medium). 
2. EXPERIMENTAL METHOD AND SETUP 
 
   Our experimental configuration is shown in Fig 3. The laser frequency ω2 was stabilized on the 
cesium transition 6S1/2(F=3) − 6P3/2(F
/ 
=3) (Fig.2) in the reference Cs cell by using the saturation 
absorption spectroscopy technique. For obtaining the bichromatic puming beam with both 
frequencies ω1 and ω2 the output of the external cavity diode laser (ECDL) was phase modulated at 
the 
133
Cs hyperfine frequency 9192.6 MHz by an electro-optical modulator (EOM). The sideband-to-
carrier ratio was adjusted up to 50% by changing the radio frequency power of the frequency 
synthesizer, which was tuned in the interval 10 MHz (around the resonant value 9192.6 MHz). This 
pumping beam was collimated to the diameter Dpump = 5 mm, linearly polarized by the polarizer (P2) 
and then sent to the magnetically shielded cell, containing the rarefied Cs vapor at the sufficiently 
low pressure about 0.1 mPa (3x10
10 
atom/cm
3
). The monochromatic probe laser beam was linearly 
polarized by the polarizer (P1) and then was sent to the given Cs cell in the opposite direction. We 
analyzed cases for two different values of its diameter Dprobe = 5 mm and 1.8 mm. Given two-
frequency pumping and monochromatic probe beams were overlapped in the irradiated Cs cell which 
was 3 cm length and diameter 2.5 cm. This Cs cell was kept at the temperature of 22 C
0
 and a 
residual magnetic field inside the cell was less than 10 mGs. Effective natural and Doppler widths of 
corresponding cesium optical transitions were about 5.3 MHz and 460 MHz respectively [7]. During the 
experiment, the intensity I of the bichromatic pumping laser beam may be changed. At the same time 
the intensity of the monochromatic probe beam was kept constant at the sufficiently low value about 
0.01 mW/cm
2
 in order to avoid its visible nonlinear optical effects. To monitor the CPT resonances 
in the transmission of the probe beam, flip-flop mirrors (M4, M5) were folded so that they did not 
reflect while the flip-flop mirror (M6) reflected this beam. To record the CPT resonances in the 
transmission of  the bichromatic pumping beam, the flip-flop mirror (M6) was folded so that it did 
not reflect while the flip-flop mirrors (M4, M5) reflected the given beam. CPT resonances in 
transmission for both the probe and pumping beams were detected by the same photodetector PD 
(Fig.3).  
   The spectral resolution of this installation was risen at least on one order of the magnitude in 
comparison with our previous paper [14], where we used two independent lasers (with different 
frequencies ω1 and ω2 ) for receipt of necessary pumping and probe beams. Therefore, unlike paper 
 [14], in the present work we detected CPT resonances with characteristic widths much less than 1 
MHz. 
3. DISCUSSION OF EXPERIMENTAL RESULTS 
 
   According to the level scheme of the Doppler broadened Cs D2 line (Fig.2), the monochromatic 
component of the laser pumping beam with the stabilized frequency ω2 effectively interacts with 3 
various groups of atoms, whose velocity projections (along the wave vector k of this beam) are close to 
following values [15]: 
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Thus CPT resonances in absorption of the two-frequency pumping are formed by 2 different Λ-systems 
6S1/2(F=3) − 6P3/2(F
/ =3) −6S1/2(F=4) and 6S1/2(F=3) − 6P3/2(F
/ 
=4) − 6S1/2(F=4) (Fig.2), which correspond to 
atomic velocity projections 
33
V  and 
34
V  in Eq. (2). The counterpropagating monochromatic probe beam with 
the stabilized frequency 
332
   effectively interacts with pumping radiation only through one common 
group of atoms, whose velocity projections are close to the zero value 
33
V = 0 in Eq.(2). Thus the sole Λ-
system 6S1/2(F=3) − 6P3/2(F
/ =3) − 6S1/2(F=4), mainly, contributes to the CPT resonance in absorption of this 
probe wave (Fig.2). According to selection rules, at absence of an external magnetic field and orientation of 
the quantization axis along the same linear polarization of pumping and probe laser beams at our experimental 
conditions (Fig.3), only optical transitions between Zeeman degenerate Cs levels without change of the 
magnetic quantum number m were induced [15]. Thus we had 6 nonclosed Λ-systems (corresponding to 
magnetic numbers m=±1, ±2 and ±3) for two resonant adjacent optical transitions: 6S1/2(F=3) − 6P3/2(F
/ 
=3) 
and 6S1/2(F=4) − 6P3/2(F
/ 
=3) (Fig.2), where CPT resonances were formed. Optical repumping of the 
population of this resultant Zeeman degenerate Λ-system took place on three magnetic sublevels of the 
ground Cs term 6S1/2(F=4, m=±4) and 6S1/2(F=3, m=0), which did not interact with incident pump and probe 
radiations. Taking into account given features, further we may analyze CPT resonances in absorption of the 
probe beam on the basis of the simple model of the nonclosed Λ-system (Fig.1), where quantum states        
│1 >,│2 > and │3 > correspond to Cs levels 6S1/2(F=4), 6S1/2(F=3) and 6P3/2(F
/ 
=3) (Fig.2). 
   Fig.4 presents the narrow CPT deep with the center δ1=δ2=0 in transmission of the probe light beam on the 
resonant transition │2 > - │3 > for different pumping intensities. This resonance is caused directly by the 
trapping of an atomic population fraction of the lower level │2 > in the nonclosed Λ-system (Fig.1) because 
of a negligible population of its excited state │3 > at the CPT condition (1). Well-known CPT peaks in the 
transmission of the corresponding two-frequency laser pumping are shown in Fig.5. For detected CPT 
resonances (Figs.4, 5), we have calculated contrasts C (in % with respect to the total recorded background) 
and widths W (on their half-heights) according to definitions of paper [16]. Corresponding dependences of 
these values C and W on the intensity of the pumping radiation are shown in figure 6. We clearly detected 
CPT resonances in absorption of the probe beam at the pumping intensity I > 2.5 mW/cm
2
. Therefore their 
parameters C and W in figure 6 are not indicated in the interval 0 < I < 2.5 mW/cm
2
. 
   Intensification of the optical pumping causes more essential depletion of populations of lower 
levels │1 > and │2 > in the nonclosed Λ-system (Fig.1) at violation of the CPT condition (1). Then 
 the fall occurs of the background for the increasing CPT resonance in absorption of the probe beam. 
Similar situation takes place also at duration rise of the optical puming at transits of atoms (in our 
rarefied gas medium) to the central region of the pumping radiation. Therefore the contrast C of the 
CPT resonance in transmission of the probe beam increases both at growth of the pumping intensity 
and at narrowing of the probe beam diameter Dprobe to the central axis of the counterpropagating 
pumping beam with the fixed diameter Dpump ≥ Dprobe (curves 1 and 2 in Fig.6a). At the same time, 
nonmonotonic change takes place for the contrast C of corresponding known CPT resonances in 
transmission of the two-frequency pumping radiation (or fluorescence of the optically excited atomic 
state) at growth of its intensity, that is the value C decreases after some increase (curve 3 in Fig.6a). 
Thus the contrast of CPT resonances in absorption of the probe beam essentially exceeds the contrast 
of CPT resonances in absorption of the two-frequency pumping at its intensity I > 3 mW/cm
2
 
(Fig.6a). 
   It is necessary to note that, even a small angle (~ a few degrees) between linear polarizations of 
pumping and probe laser beams or a weak external magnetic field (~1 Gs) in the Cs cell (Fig.3) lead 
to essential decrease of contrasts of given recorded CPT resonances. This is caused by difference of 
the real system of Zeeman degenerate levels (Fig.2) from the considered model of the Λ-system 
(Fig.1). 
   We have established earlier, that the CPT resonance in absorption of the two-frequency pumping 
radiation is a superposition of CPT resonances formed not only on the considered nonclosed Λ-
system 6S1/2(F=3) − 6P3/2(F
/ =3) − 6S1/2(F=4) but also on the additional Λ-system 6S1/2(F=3) − 6P3/2(F
/ 
=4) 
−6S1/2(F=4) (Fig.2). Therefore in our case of the Doppler broadened Cs D2 line, the total width of the 
given resonance is essentially more that the width of the corresponding resonance in absorption of 
the counterpropagating probe beam (Fig.6b). Growth of the pumping intensity leads to broadening of 
these CPT resonances (Figs.4, 5) on quasi-linear dependences shown in figure 6b. 
4. CONCLUSIONS 
 
   On the basis of the elaborated method and corresponding improved experimental setup with the 
sufficiently high spectral resolution, we have detected and analyzed narrow high-contrast CPT 
resonances characteristic for a nonclosed atomic (molecular) Λ-systems. These CPT resonances are 
determined, mainly, by the trapped atomic population on the definite lower level of the Λ-system, 
from which the resonant optical transition is induced by the weak probe light beam 
counterpropagating with respect to the two-frequency laser pumping beam. The applied method 
allows to analyze displays of given nontrivial CPT resonances directly for the definite Λ-system 
between 3 selected hyperfine sublevels , for example, in the structure of the Doppler broadened Cs 
D2 line (Fig.2). We have shown, that CPT resonances in the transmission of the probe beam may 
have not only more contrast but also much lesser width in comparison with known CPT resonances 
in transmission of the corresponding two-frequency pumping radiation (or fluorescence of the 
optically excited quantum state). These advantages of given CPT resonances are more obvious at 
increase of the pumping intensity (Fig.6). Thus detected CPT resonances in transmission of the probe 
beam may be used in atomic frequency standards and sensitive magnetometers based on the CPT 
phenomenon and also in ultrahigh resolution atomic (molecular) spectroscopy. 
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Fig.1. The Λ-system of optical transitions │1 > − │3 > and │2 > − │3 > (with central frequencies Ω31 
 and Ω32) between the excited level│3 > and long-lived states │1 > and │2 > . 
 
Fig.2. Energy level scheme of the 
133
Cs D2 line. The relative oscillator strengths of lines, representing 
hyperfine transitions, are given on the bottom of this figure. 
 
 
  
Fig.3. Scheme of the experimental setup, which includes external cavity diode laser (ECDL), electro-optical 
modulator (EOM), beam splitter (BS), mirrors (M1, M2, M3), flip flop mirrors (M4, M5, M6) polarizers (P1, P2), 
quartz windows (QW1, QW2), neutral density fitler (ND), photodiode (PD) and the Cs cell with the magnetic 
shielding. 
 
Fig.4. Detected CPT resonances in transmission of the probe beam versus the frequency detuning δ1 
at the fixed detuning δ2 = 0, when the pumping intensity I = 7.64 mW/cm
2 
(a), 5.61 mW/cm
2 
(b), 3.57 
mW/cm
2 
(c) for equal beams diameters Dpump = Dprobe= 5 mm.  
  
 
Fig.5. Detected CPT resonances in transmission of the bichromatic pumping beam (with the 
diameter Dpump = 5 mm) versus the frequency detuning δ1 at the fixed detuning δ2 = 0, when the pumping 
intensity I = 7.64 mW/cm
2 
(a), 5.61 mW/cm
2 
(b), 3.57 mW/cm
2 
(c). 
  
 
Fig.6. The contrast C (a) and linewidth W (b) of CPT resonances in transmission of the probe beam 
(curves 1, 2) and the corresponding two-frequency pumping beam (curves 3) versus the pumping 
intensity I, when beams diameters Dpump = Dprobe = 5 mm (curves 1) and Dpump = 5 mm, Dprobe = 1.8 
mm (curves 2). 
 
